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Abstract Peripheral purinergic signaling plays an important
role in nociception. Increasing evidence suggests that metab-
otropic P2Y receptors are also involved, but little is known
about the underlying mechanism. Herein, we report that selec-
tive P2Y receptor agonist uridine 5′-triphosphate (UTP) can
exert an enhancing effect on the functional activity of acid-
sensing ion channels (ASICs), key sensors for extracellular
protons, in rat dorsal root ganglia (DRG) neurons. First,
UTP dose-dependently increased the amplitude of ASIC cur-
rents. UTP also shifted the concentration–response curve for
proton upwards, with a 56.6±6.4 % increase of the maximal
current response to proton. Second, UTP potentiation of
proton-gated currents can be mimicked by adenosine 5′-tri-
phosphate (ATP), but not by P2Y1 receptor agonist ADP.
Potentiation of UTP was blocked by P2Y receptor antagonist
suramin and by inhibition of intracellular G protein, phospho-
lipase C (PLC), protein kinase C (PKC), or protein interacting
with C-kinase 1 (PICK1) signaling. Third, UTP altered
acidosis-evoked membrane excitability of DRG neurons and
caused a significant increase in the amplitude of the depolar-
ization and the number of spikes induced by acid stimuli.
Finally, UTP dose-dependently exacerbated nociceptive re-
sponses to injection of acetic acid in rats. These results suggest
that UTP enhanced ASIC-mediated currents and nociceptive
responses, which reveal a novel peripheral mechanism under-
lying UTP-sensitive P2Y2 receptor involvement in

hyperalgesia by sensitizing ASICs in primary sensory
neurons.
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Abbreviations
ASIC Acid-sensing ion channels
ATP Adenosine 5′-triphosphate
DRG Dorsal root ganglion
IpH Proton-gated current
PICK1 Protein interacting with C-kinase 1
PKC Protein kinase C
PLC Phospholipase C
TRPV1 Transient receptor potential vanilloid receptor-1
UTP Uridine 5′-triphosphate

Introduction

Following inflammation, tissue injury or ischemia, nucleo-
tides like adenosine 5′-triphosphate (ATP) and uridine 5′-tri-
phosphate (UTP) are released from damaged cells and sensory
neurons [1]. These molecules can produce pain and
hyperalgesia via ionotropic P2X receptors and metabotropic
P2Y receptors located in primary afferent neurons [2]. In sen-
sory ganglia, P2 receptors are also expressed by glial cells and
contribute to pain transmission [3]. Although the contribution
of P2X receptors to nociception has been understood, increas-
ing evidence suggests that P2Y receptors play an important
role in pain [3, 4]. P2Y receptors are composed of eight sub-
types, which are found in primary afferent neurons [5]. In
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particular, P2Y1 and P2Y2 receptors have been shown to be
the major P2Y subtypes expressed in small-diameter sensory
neurons with thin primary afferent fibers including
nociceptors [5, 6]. In the periphery, activation of P2Y2 recep-
tors by UTP sensitizes transient receptor potential vanilloid
receptor 1 (TRPV1) and contributes to TRPV1-mediated ther-
mal hypersensitivity [7, 8]. Activation of P2Y2 receptors also
potentiates mechanosensitive currents in peptidergic nocicep-
tive dorsal root ganglia (DRG) neurons and sensitizes
cutaneous C-fiber nociceptors to mechanical stimuli [9]. In
contrast, inhibition of P2Y2 receptors by antisense
oligodeoxynucleotides alleviates the mechanical hyperalgesia
in trigeminal neuropathic pain [10]. Mice lacking P2Y2 recep-
tors fail to develop thermal hyperalgesia during CFA-evoked
inflammation [11]. Thus, P2Y2 receptors play a key role in
thermal and mechanical nociception.

Proton is also released under multiple pathological condi-
tions such as inflammation and ischemia [12]. It is known that
the local extracellular pH levels drop to 5.4 in acute inflam-
mation and 6.3 or lower in severe ischemia [13, 14]. The
released protons can cause pain through activating proton-
gated ion channels on peripheral sensory afferents. Studies
show that acid-sensing ion channels (ASICs), rather than
TRPV1, mediate pain sensation induced by peripheral protons
[15, 16]. To date, seven subunits of ASICs encoded by four
genes have been identified [17]. All other ASICs, except
ASIC4, are expressed in both DRG cell bodies and sensory
terminals, where they contribute to pain signaling [18, 19].
Among the ASIC subunits, ASIC3 is specifically localized
in nociceptive fibers and considered as the most essential pH
sensor for pain [15, 20]. Increasing evidence has shown that
ASICs play an important role in various pain conditions such
as inflammatory pain, postoperative pain, and migraine
[21–23].

Recently, Seo et al. report that acidic pH facilitates ATP-
mediated mechanical allodynia via the activation of P2X re-
ceptors and ASICs, indicating a crosstalk between P2X recep-
tors and ASICs [24]. Herein, we further report that activation
of UTP-sensitive P2Y receptor on nociceptive DRG neurons
sensitizes ASICs and contributes to acidosis-evoked pain.

Material and methods

Isolation of DRG neurons

The experimental protocol was approved by the animal re-
search ethics committee of Hubei University of Science and
Technology. All procedures conformed to international guide-
lines on the ethical use of animals, and every effort was made
to minimize the number of animals used and their sufferings.
Five- to 6-week old Sprague–Dawley male rats were anesthe-
tized with ethyl ether and then decapitated. The DRGs were

taken out and transferred immediately into Dulbecco’s modi-
fied Eagle’s medium (DMEM, Sigma) at pH 7.4. After the
removal of the surrounding connective tissues, the DRGs
were minced with fine spring scissors and the ganglion frag-
ments were placed in a flask containing 5 ml of DMEM, in
which 0.5 mg/ml of trypsin (type II-S, Sigma), 1.0 mg/ml of
collagenase (type I-A, Sigma), and 0.1 mg/ml of DNase (type
IV, Sigma) had been dissolved, and incubated at 35 °C in a
shaking water bath for 25–30 min. Soybean trypsin inhibitor
(type II-S, Sigma) at 1.25 mg/ml was then added to stop tryp-
sin digestion. Dissociated neurons were placed into a 35-mm
petri dish and kept for at least another 60 min before electro-
physiological recordings. The neurons selected for electro-
physiological experiment were 15–35 μm in diameter.

Electrophysiological recordings

Whole-cell patch clamp and voltage clamp recordings were
carried out at room temperature (22–25 °C) using a
MultiClamp 700B amplifier and Digidata 1440A A/D convert-
er (Axon Instruments, CA, USA). Recording pipettes were
pulled using a Sutter P-97 puller (Sutter Instruments, CA,
USA). Themicropipettes were filled with internal solution con-
taining the following (in mM): KCl 140, MgCl2 2.5, HEPES
10, EGTA 11, and ATP 5; its pHwas adjusted to 7.2 with KOH
and osmolarity was adjusted to 310 mOsm/L with sucrose.
Cells were bathed in an external solution containing the follow-
ing (in mM): NaCl 150, KCl 5, CaCl2 2.5, MgCl2 2, HEPES
10, and d-glucose 10; its osmolarity was adjusted to
330 mOsm/L with sucrose and its pH to 7.4. The resistance
of the recording pipette was in the range of 3–6 MΩ. A small
patch of membrane underneath the tip of the pipette was aspi-
rated to form a gigaseal and then a negative pressure was ap-
plied to rupture it, thus establishing a whole-cell configuration.
The adjustment of capacitance compensation and series resis-
tance compensation was done before recording the membrane
currents. The membrane voltage was maintained at −60 mV in
all voltage clamp experiments unless otherwise specified. Cur-
rent clamp recordings were obtained by switching to current
clampmode after a stable whole-cell configuration was formed
in voltage clamp mode. Only cells with a stable resting mem-
brane potential (more negative than −50 mV) were used in the
study. Signals were sampled at 10 to 50 kHz and filtered at 2 to
10 kHz, and the data were stored in a compatible PC computer
for offline–online analysis using the pCLAMP 10 acquisition
software (Axon Instruments, CA, USA).

Drug application

Drugs were purchased from Sigma and used in the experiments,
including the following: hydrochloric acid, UTP, ATP, ADP,
suramin, MRS2179, capsazepine, and tetrodotoxin (TTX). All
drugs were dissolved daily in the external solution just before
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use andwere held in a linear array of fused silica tubes (o.d./i.d.=
500 μm/200 μm) connected to a series of independent reser-
voirs. The application pipette tips were positioned ∼30μm away
from the recorded neurons. The application of each drug was
driven by gravity and controlled by the corresponding valve, and
rapid solution exchange could be achieved within about 100 ms
by shifting the tubes horizontally with a PC-controlledmicroma-
nipulator. Cells were constantly bathed in normal external solu-
tion flowing from one tube connected to a larger reservoir be-
tween drug applications. In some experiments where guanosine
5′[beta-thio]diphosphate (GDP-β-S (Sigma), U-73122(Sigma),
GF109203X (RBI), and FSC-231 (Gether Lab, University of
Copenhagen, DK-2200 Copenhagen, Denmark) were applied
for intracellular dialysis, they were dissolved in the internal so-
lution before use. To functionally characterize ASIC activity, we
used capsazepine (10 μM) to block TRPV1 in this study [25].

Nociceptive behavior induced by acetic acid in rats

Rats were placed in a 30×30×30 cm Plexiglas chamber and
were allowed to habituate for at least 30 min before nocicep-
tive behavior experiments. Separate groups of rats were
pretreated with 20 μl capsazepine (100 μM) together with
vehicle, different dosages of UTP, and MRS2179 in the ipsi-
lateral hind paw before injection of acetic acid. After 5 min,
the other experimenters subcutaneously administered acetic
acid solution (0.6 %, 20 μl) into the dorsal face of the hind
paw using a 30-gauge needle connected to a 100-μLHamilton
syringe. Nociceptive behavior (that is, number of flinches)
was counted over a 5-min period starting immediately after
the injection [15, 26].

Data analysis

Data were statistically compared using Student’s t test or anal-
ysis of variance (ANOVA), followed by Bonferroni post hoc
test. Statistical analysis of concentration–response data was
performed using nonlinear curve-fitting program ALLFIT.
Data are expressed as mean±SEM.

Results

UTP enhanced ASIC currents in rat dorsal root ganglia
neurons

Whole cell recordings were conducted in small and medium
diameters (15 to 35 μm) acutely isolated DRG neurons of
adult rats in this study. To functionally characterize ASIC
currents, we measured proton-gated currents in the presence
of capsazepine (10 μM) to block proton-induced TRPV1 ac-
tivation in the whole-cell patch clamp configuration [25].
ASIC currents were induced by extracellular protons. We

found that a rapid reduction of extracellular pH from 7.4 to
6.0 for 5 s evoked an inward current (IpH6.0) in most native
DRG neurons (85.3 %, 145/170). Given a 3-min washout
period to allow full recovery, the cells were able to respond
to the same degree as in the initial application of acid stimuli.
As shown in Fig. 1a, most (70.3 %, 102/145) of these proton-
evoked currents can be characterized by a large transient cur-
rent followed by fast inactivation and then a small sustained
current with no or very slow inactivation [27]. Our previous
and current studies show that these characterized currents
could be completely blocked by broad-spectrum ASIC chan-
nel blocker amiloride, also by ASIC3 channels blocker
APETx2 (Fig. 1a) [28]. These currents were thus considered
to be ASIC3-like currents and were mainly investigated in this
study.

In the majority of neurons sensitive to acid stimuli (76.5 %,
78/102), we observed that the proton-evoked currents were
enhanced by the pre-application of the selective P2Y agonist
UTP (10−5 M) for 1 min. The ASIC currents recovered to
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Fig. 1 UTP enhanced ASIC currents in rat DRG neurons. a
Representative current traces were evoked by extracellular application
of a pH 6.0 solution for 5 s in the presence of capsazepine (10 μM) to
block proton-induced TRPV1 activation. The proton-induced current
could be completely blocked by100 μM of amiloride (Amil), a broad-
spectrum ASIC channel blocker. It was also blocked by 3 μM of
APETx2, an ASIC3 blocker. b The sequential current traces illustrate
the potentiation of proton-gated currents by different concentrations of
UTP (10−9–10−4 M) and recovery after washout of UTP. Representative
currents were recorded for more than 80 min in a DRG neuron tested.
UTP was pre-applied to external solution for 1 min. c The graph shows
that UTP increased the peak amplitude of proton-gated currents in a dose-
dependent manner with an EC50 of 1.2×10

−6 M. UTP was re-treated for
1 min. DRG neurons with membrane potential clamped at −60 mV. Each
point represents the mean±SEM of eight to ten neurons
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initial response after a washout of UTP. Figure 1b shows that
the amplitude of IpH6.0 increased as concentration of re-treated
UTP increased from 10−9 to 10−4 M in a representative DRG
neuron. Figure 1c shows the dose–response curve for UTP in
the potentiation of proton-gated currents. UTP had a maxi-
mum effect (64.7±7.8 %, n=9) at a concentration of
10−4 M. The half-maximal response (EC50) value of the
dose–response curve for UTP was 1.2±0.3 μM. The results
indicated that UTP dose-dependently enhanced the ASIC cur-
rent in rat DRG neurons.

We then investigated whether the potentiation of UTP was
dependent upon pH. Figure 2a shows the enhancing effects of
UTP (10−5 M) pretreatment for 1 min on currents evoked by
three different pHs. Figure 2b shows the concentration–re-
sponse curve to protons in the presence and absence of UTP
(10−5 M). First, pretreatment of UTP shifted the concentra-
tion–response curve to protons upwards, as indicated by an

increase of 56.6±6.4 % in the maximal current response to
protons when UTP was pre-applied. However, the slopes or
Hill coefficients of those two curves were essentially similar
(n=1.39±0.20 in the absence of UTP vs n=1.31±0.17 in the
presence of UTP; P>0.1, Bonferroni post hoc test). Second,
the pH0.5 values of both curves had no statistical difference
(pH0.5 of 6.09±0.05 without UTP pretreatment vs pH0.5 of
6.13±0.05 with UTP pretreatment; P>0.1, Bonferroni post
hoc test). Third, the threshold pH values of both curves had
no significant difference in the presence and absence of UTP.

Intracellular mechanisms underling the potentiation
of proton-gated currents by UTP

Metabotropic P2Y receptors belong to G-protein-couple re-
ceptors and are expressed in DRG neurons [5, 29]. To further
explore intracellular signal transduction mechanisms underly-
ing potentiation of ASIC currents by P2Y agonist UTP, we
performed the same experiment as described above while in-
tracellularly injecting the some signal blockers. Firstly, record-
ings were performed with 500 μM of nonhydrolyzable GDP
analog GDP-β-S in the solution of the recording electrode, the
enhancing effect of ASIC currents by 10−5 M UTP-induced
P2Y receptor activation was significantly attenuated (UTP
58.7 ± 5.5 %, GDP-β-S +UTP 9.8 ± 6.2 %; P< 0.01,
Bonferroni post hoc test, n=9; Fig. 3a (A1, A2), b). Secondly,
intracellular application of 10 μM phospholipase C (PLC)
blocker U73122 also significantly blocked UTP potentiation
of ASIC currents (U73122+UTP: 13.6±4.6 %; P<0.01, n=9;
Fig. 3a (A3), b). Thirdly, pretreatment of 10−5 M UTP for
1 min only caused an increase of 13.2±6.0 % on ASIC cur-
rents after 2 μM of protein kinase C (PKC) inhibitor
GF109203X were applied internally to DRG neurons
(P<0.01, n=9; Fig. 3a (A4), b). Finally, UTP potentiation of
ASIC currents was also significantly attenuated by intracellu-
lar injection of 50 μM protein interacting with C-kinase 1
(PICK1) inhibitor FSC-231 (FSC-231+UTP 9.2±9.8 %;
P<0.01, n=9; Fig. 3a (A5), b). Intracellular dialysis of these
blockers did not significantly alter the amplitude of IpH6.0 (data
not shown). These data collectively indicated that involve-
ment of GPCR, PLC, PKC, and PICK1 signal pathways in
the intracellular mechanisms of UTP potentiation of ASIC
currents in rat DRG neurons.

P2Y2 receptor subtypes were involved in UTP potentiation
of ASIC currents

The main candidates for Gq-coupled P2Y receptors
expressed in DRG neurons are P2Y1 and P2Y2 [5, 6]. Al-
though the contribution of P2Y1 is less likely because it is
not sensitive to UTP, experiments were conducted with the
other P2Yagonists and selective antagonists to further clar-
ify which of the P2Y receptor subtypes is/are involved.
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Fig. 2 Concentration–response relationship for protons with or without
the pre-application of UTP. a Sequential currents evoked by different pHs
in the absence or presence of UTP (10−5 M for 1 min). b The
concentration–response curves for protons with or without UTP pre-
application. Each point represents the mean±SEM of eight to ten
neurons. All current values were normalized to the current response
induced by pH 4.5 applied alone (marked with asterisk). The curves
shown are a best fit of the data to the logistic equation I=Imax/[1+
(pH0.5/C)

n], where C is the concentration of protons, I is the normalized
current response value, pH0.5 is the proton concentration that produced
half the maximal current response to protons, and n is the Hill coefficient.
The curves for protons without and with UTP pre-application were drawn
according to the equation described above
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Firstly, we compared the effects of ATP, ADP, or UTP on
IpH6.0. As shown in Fig. 4a, b, after 10−5 M of ATP or ADP
was pre-applied to DRG neurons instead of UTP, ATP
caused an enhancing effect equivalent to those observed
for UTP (ATP 65.1±10.3 %; UTP 62.8±6.7 %), whereas
ADP had no effect on IpH6.0 (4.6±2.7 %). When 10−5 M of
ATP and UTP were applied together, IpH6.0 increased at
63.8±8.7 %. These results suggested that UTP potentiation
of IpH6.0 can be mimicked by ATP, but not by ADP, an
agonist for P2Y1 receptor subtype. We then observed the
effect of P2Y receptor antagonists on UTP-induced poten-
tiation of ASIC currents. Suramin has been shown to block
all nucleotide-sensitive P2Y receptors with the exception
of the P2Y4 receptor subtype [30]. We found that 100 μM
suramin significantly blocked the potentiation of UTP
(Fig. 4c). The amplitude of IpH6.0 increased at 57.4±
5.5 % after pretreatment with UTP (10−5 M) alone for

1 min in nine DRG neurons. In contrast, UTP produced
only an increase of 9.6±4.1 % on ASIC currents in
100 μM suramin pretreated nine neurons (P<0.05,
Bonferroni post hoc test, n=8; Fig. 4d). Thus, we ruled
out the involvement of P2Y4 receptor subtype in UTP po-
tentiation of ASIC currents. In addition, ATP potentiation
of IpH6.0 was also blocked by suramin (100 μM), and ATP
increased IpH6.0 from 65.1±10.3 to 8.7±5.2 % in the ab-
sence and presence of suramin (P<0.05, Bonferroni post
hoc test, n=8). MRS2179, a P2Y1-selective antagonist,
was also pre-applied to DRG neurons. In the presence
and absence of 10−4 M of MRS2179, application of
10−5 M UTP for 1 min produced a similar enhancing effect
on ASIC currents in DRG neurons recorded (UTP 57.4±
5.5 %, MRS2179+UTP 62.1±14.1 %; P>0.1, n=9;
Fig. 4c, d). These results indicated that the UTP enhance-
ment of ASIC currents did not involve P2Y1 receptor
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Fig. 3 Intracellular mechanisms underlying the potentiation of ASIC
currents by UTP. a The current traces in A1 show that UTP enhanced
proton-gated currents with recording pipette filled with the normal
internal solution in a DRG neuron tested. The current traces in A2–5
show that UTP potentiation of proton-gated currents was blocked by
intracellular dialysis of nonhydrolyzable GDP analog GDP-β-S
(500 μM), PLC inhibitor U-73122 (10 μM), PKC inhibitor
GF109203X (2 μM), or PICK1 (protein interacting with C-kinase 1)

inhibitor FSC-231 (50 μM) by the recording pipettes. Proton-gated
currents were elicited by application of pH 6.0 for 5-s durations. UTP
(10−5 M) was pre-applied to external solution for 1 min. b The bar graph
shows the percentage increases in the IpH6.0 induced by UTP (10−5 M)
with recording pipettes filled with the normal internal solution, GDP-β-S,
U-73122, GF109203X, or FSC-231 containing internal solution.
**P<0.01, post hoc Bonferroni test, compared with normal internal
solution. n=9 in each column
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subtype. Thus, potentiation of ASIC currents by UTP may
be mediated by activation of the metabotropic P2Y2 recep-
tor subtype.

UTP increased proton-induced membrane excitability
of rat DRG neurons

Activation of ASICs by protons causes an inward current,
which depolarizes the resting membrane potential to the
threshold and initiates action potentials (APs) [31]. Further
experiments were performed to record rat DRG neuron
excitability under a current clamp model in the presence
of capsazepine (10 μM) to block proton-induced TRPV1
activation. As shown in Fig. 5a, a pH drop from 7.4 to 6.0
for 5 s evoked a whole-cell inward current with voltage
clamp recording in a DRG neuron, which could also trigger
bursts of APs (spikes) under current clamp conditions in
the cell tested. Similar to UTP potentiation of proton-gated
currents under voltage clamp conditions, pretreatment of
10−5 M UTP for 1 min also increased acidosis-evoked
spikes (Fig. 5a). In the nine DRG neurons tested, pretreat-
ment of UTP increased the mean number of spikes induced
by acidosis from 6.3±0.7 of control condition to 10.5±1.3
(P<0.05, paired t test, n=9; Fig. 5b). After a washout of
UTP, the acidosis-evoked spikes recovered to the control
condition.

We then observed the membrane potential of rat DRG neu-
rons in the presence of capsazepine (10 μM) and TTX (1 μM)

to block proton-induced TRPV1 activation and Na+channel-
mediated action potentials, respectively. As shown in Fig. 5c,
a pH 6.0 acid stimulus induced an inward current with voltage
clamp recording and a depolarization of the resting membrane
potential under current clamp recording (I=0 pA) conditions
in a DRG neuron. In this particular cell, pretreatment of
10−5MUTP increased the depolarization evoked by the acidic
stimuli (Fig. 5c). In the nine DRG neurons treated with 10−5M
UTP, the magnitude of membrane potential depolarization
(ΔVm) induced by acidosis exposure increased from 18.5±
1.9 mV of control condition to 24.2±1.5 mV (paired t test,
P<0.05, n=9; Fig. 5d). The ΔVm recovered to control con-
dition after a washout of UTP. In addition, UTP alone did not
cause depolarization and spikes. These results indicated that
UTP reversibly increased proton-induced membrane excit-
ability of rat DRG neurons.

UTP exacerbated acid-induced nocifensive behaviors
in rats

The above experiments provided electrophysiological evi-
dence that P2Y agonist UTP potentiated ASIC activity
in vitro, so we further ascertain whether UTP facilitated
ASIC-mediated pain in vivo. It has been shown that
intraplantar injection of acetic acid elicits an intense
flinch/shaking response mediated by ASICs [15, 26]. As
shown in Fig. 6, intraplantar injection of acetic acid solu-
tion (0.6 %, 20 μL) in the presence of the TRPV1 inhibitor
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Fig. 4 P2Y2 receptor subtypes were involved in UTP potentiation of
ASIC currents. The current traces in a and bar graphs in b show that
IpH6.0 was enhanced by 10−5 M of UTP or ATP, but not by ADP, an
agonist for P2Y1 receptor subtype. The current traces in c and bar
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by P2Y receptor antagonist suramin (100 μM), but not by P2Y1 selective
antagonist MRS2179 (10−4 M). Statistical tests were performed using
Bonferroni post hoc test, and significance is shown as follows:
**P<0.01, compared with normal white column; ##P<0.01, compared
with UTP alone column; n=9 in each column
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capsazepine (100 μM) caused an intense flinch/shaking
response in rats, and pre-administration of UTP in the ip-
silateral hind paw dose-dependently exacerbated the acid-
induced nocifensive behaviors. The acetic acid-induced
flinch response was significantly greater in rats treated with
medium and high doses (1 and 10 μg) of UTP than that
observed in rats injected with acetic acid alone (Bonferroni
post hoc test, p<0.05 and p<0.01, n=10). However, the low
dose (0.01 and 0.1 μg) of UTP had no effect on the acid-
induced nocifensive behaviors (Bonferroni post hoc test,
p>0.05, n=10). In addition, the UTP-mediated exacerbating
effect on acid-induced nocifensive behaviors was significantly
blocked by co-treatment of 20 μg P2Yantagonist suramin, but
not by co-treatment of 10 μg P2Y1 antagonist MRS2179
(Fig. 6). These results indicated that peripheral P2Y agonist
UTP contributed to acid-induced nocifensive behaviors in rats.

Discussion

The current study demonstrated that P2Y agonist UTP can
exert an enhancing effect on the functional activity of ASICs.
UTP increased the amplitude of ASIC currents and acidosis-
evoked membrane excitability in dissociated rat DRG neu-
rons. Potentiation of ASIC currents by UTP was mediated
via PLC, PKC, and PICK1 signal pathways following activa-
tion of G-protein-coupled P2Y receptors. Peripherally, admin-
istration of UTP dose-dependently exacerbated nociceptive
responses to intraplantar injection of acetic acid in rats.

Extracellular protons have been found to generate currents
in a subset of primary afferents since 1980 [32]. The current
study showed that a rapid drop in the extracellular pH from 7.4
to 6.0 produced an inward current in native DRG neurons.
These acid currents are ASIC currents in the presence of
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Fig. 5 UTP increased proton-evoked membrane excitability of rat DRG
neurons. a Original current and spike recordings from the same DRG
neuron. Left panel: In the presence of the TRPV1 inhibitor capsazepine
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of the membrane depolarization evoked by the pH 6.0 acid stimulus from
the same neuron as the left panel. The treatment of UTP (10−5 M) for
1 min also increased the acidosis-induced membrane depolarization. No
action potential was triggered by the membrane depolarization in the
neuron tested in the presence of capsazepine (10 μM) and TTX (1 μM)
to block proton-induced TRPV1 activation and Na+ channel-mediated
action potentials, respectively. b, d Bar graphs show the effects of UTP
on the number of spikes and membrane potential depolarization produced
by pH 6.0. The acidosis-evoked depolarization and spikes recovered to
control condition after washout of UTP. *P<0.05, paired t test, compared
with pH alone, n=9 in each column
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capsazepine to block the activation of TRPV1 channels, since
they could be completely blocked by broad-spectrum ASIC
channel blocker amiloride. Most of these acid currents can be
characterized by a large transient current followed by fast
inactivation and then a small sustained current with no or very
slow inactivation [27]. Our previous and current studies have
identified that the characterized acidosis-evoked currents are
mainly mediated by ASIC3, since they could be completely
blocked by ASIC3 channels blocker APETx2 [28]. We thus
considered them to be ASIC3-like currents, although precise
ASIC subunits need to be identified. It has been shown that all
seven ASIC subunits besides ASIC4 are present in DRG neu-
rons [18, 19]. Moreover, ASIC3 have emerged as critical pH
sensors predominantly expressed in small-diameter DRG neu-
rons and nociceptors [15, 20].

The current study demonstrated that UTP, a selective
P2Y agonist, enhanced the ASIC currents in rat DRG neu-
rons in a dose-dependent manner. UTP sensitized ASICs
by shifting the proton concentration–response curve up-
ward and increasing the maximum response of ASICs to
protons. The present study also showed that blockade of G-
protein signaling with intracellular dialysis of GDP-β-S
completely prevented UTP-mediated potentiation of ASIC
currents, indicating that G-proteins were involved in the
intracellular mechanisms of this potentiation. Metabotropic
P2Y receptors belong to the G-protein-coupled receptor
family, and almost all P2Y receptor subtypes are expressed
in DRG [5, 29]. However, the levels of expression of P2Y
family members vary widely: P2Y2∼P2Y1 >> P2Y6 >>

P2Y4 [11]. The main candidates for Gq-coupled P2Y re-
ceptors expressed in DRG neurons are P2Y1 and P2Y2

receptors [5, 6]. UTP potentiation of ASIC currents can
be mimicked by ATP, but not by ADP, an agonist for
P2Y1 receptor subtype. P2Y1-selective antagonist
MRS2179 did not alter the potentiation of UTP. Thus,
P2Y1 receptor subtype was not involved in UTP potentia-
tion of ASIC currents. UTP is an agonist for P2Y2 and
P2Y4 receptors [29]. P2Y4, a Gq-coupled UTP receptor,
is expressed in sensory ganglia [33, 34], but functional
analysis shows low levels of P2Y4 receptor expression in
DRG neurons [8, 35]. Suramin has been shown to block all
nucleotide-sensitive P2Y receptors with the exception of
the P2Y4 receptor subtype [30]. UTP potentiation of ASIC
currents was blocked by suramin, indicating that P2Y4 re-
ceptor subtype was also not involved in UTP potentiation
of ASIC currents. In DRG neurons, P2Y receptor involved
in the potentiation of TRPV1 and mechanosensitive cur-
rents by UTP is reported to be P2Y2 receptor subtype [7,
8]. UTP enhancement of ASIC currents was most likely
mediated by activation of the metabotropic P2Y2 receptor
subtype.

P2Y2 receptors are coupled to Gq proteins and can thus in
principal activate PLC and PKC pathways [36]. Lack of the
enhancing effect in cells treated with PLC inhibitor U-73122
indicating a PLC-dependent pathway was involved in the
ASIC sensitization by activation of UTP-sensitive P2Y recep-
tors. It has been shown that inhibition of P2X3 currents by
activation of UTP-sensitive P2Y2 receptors also requires PLC
activation [37]. Further, we found that UTP potentiation of
ASIC currents was blocked by intracellular dialysis of PKC
inhibitor GF109203X. The observation suggested that activa-
tion of PLC and PKC signaling pathways by P2Yagonist UTP
contributed to sensitization of ASICs in DRG neurons. Simi-
larly, sensitization of TRPV1 by activation of P2Y2 receptors
also involves PLC and PKC signaling pathways [7, 8]. Our
previous studies show that PKC activator PMA produces a
similar enhancing effect on ASIC currents in DRG neurons
[38]. PKC pathway stimulation has been reported to induce an
increase of ASIC3-like currents recorded from cultured rat
DRG neurons [39]. Morever, this regulation by PKC requires
PICK-1, a protein interacting with C kinase [39]. The current
study showed that potentiation of ASIC currents by UTP may
depend upon an interaction with PICK1, since the potentiation
was also reversed by intracellular dialysis of FSC-231, a small
molecule inhibitor of PICK1. However, ASIC3 does not seem
to interact with PICK1, which was essential for the potentia-
tion of ASIC3-like currents by UTP. One possible explanation
was that the present ASIC3-like currents were mediated by
ASIC3/2 heteromers, but not by ASIC3 homomers, since
heteromeric ASIC3/2b channels, but not homomeric ASIC3
channels, are positively regulated by PKC via the partner pro-
tein PICK-1 [39].
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Fig. 6 UTP exacerbated nociceptive responses to intraplantar injection
of acetic acid in rats. Intraplantar injection of acetic acid evoked a flinch/
shaking response in the presence of 100 μM capsazepine. The
pretreatment of UTP dose-dependently (0.01–10 μg) increased
flinching behavior induced by acetic acid. The effect of UTP (10 μg)
was blocked by co-treatment of 20 μg P2Y antagonist suramin, but not
by co-treatment of 10 μg P2Y1 antagonist MRS2179. Flinching shaking
of paw was recorded as the number of flinches during the first 5 min after
injection of acetic acid. *P<0.05, **P<0.01, Bonferroni post hoc test,
compared with vehicle white column; ##P<0.01, n=10 rats in each
column
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Activation of ASICs by extracellar protons mainly in-
duces sodium influx, resulting in membrane depolarization
and bursts of action potentials [31]. The current clamp
experiments showed that UTP increased the amplitude of
the depolarization and the number of action potentials in-
duced by extracellular acid stimuli. The increased acid-
evoked neuronal excitability appeared to correlate with
UTP potentiation of ASIC currents in voltage clamp exper-
iments. ATP and UTP have been found to control the ex-
citability of sensory neurons via P2Y1 and P2Y2 receptors
[8]. In many cases, acutely isolated sensory neurons are
good models to study the physiological events that occur
at the sensory ending of the skin. Behavioral studies
showed that UTP dose-dependently exacerbated acid-
induced nocifensive behaviors in rats. Obviously, the elec-
trophysiological data in vitro corroborated the behavioral
studies in vivo and vice versa. The current results strongly
indicated that P2Y agonist UTP could potentiate ASIC cur-
rents via an intracellular cascade and then increase the
number of action potentials in primary sensory neurons,
resulting in amplification of proton-induced pain.

In general, inflammation, tissue injury, ischemia, and
even intense exercises are closely associated with both
an increase in extracellular ATP and an elevated proton
concentration (i.e., a decrease in tissue pH) [40–43]. ATP
may cause pain and hyperalgesia not only by the activa-
tion of ionotropic P2X receptors, but also via metabotro-
pic P2Y receptors located in primary afferent neurons
(Lazarowski et al., 2003). The released protons also elicit
pain and hyperalgesia through activating ASICs on pe-
ripheral sensory afferents. Once both ATP and protons
are released together, a functional crosstalk may occur
between P2 purinergic receptors and ASICs. It has been
shown that activation of ASICs by protons facilitates
ATP-induced mechanical allodynia mediated by P2X re-
ceptors [24]. P2Y2 receptors confer responsiveness to
UTP and ATP to a similar extent. Moreover, UTP has
been reported to be released from ruptured cells [44,
45]. The current results demonstrated that the activation
of P2Y receptors by released ATP or UTP could sensitize
ASICs, which can further exacerbate proton-evoked pain.

Taken together, our results indicated that P2Y recep-
tor activation of nociceptive DRG neurons by UTP en-
hanced ASICs function and contributed to acidosis-
evoked pain, which revealed a novel peripheral mecha-
nism underlying involvement in P2Y receptor-mediated
hyperalgesia by sensitizing ASICs in primary sensory
neurons.
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